Ahstract-This article is devoted to some issues of teaching power electronics in university courses. In the modern education system the students are expected to be no longer subject of passive learning, but that, within a certain extent, they collaborate in their training interactively with the teacher to develop the applications and the topics of the studied framework. For this purpose, this article presents a modular approach for teaching module regarding three-phase thyristor rectifiers.
I. INTRODUCTION
The modern teaching of power electronics uses nowadays multimedia aids to improve students learning capability and better understanding of the various phenomena involved in energy conversion [1 ]- [4] . In particular, the greater availability of simulation softwares, characterized by an high degree accuracy, makes these multimedia aids more suitable than in the past, whereas laboratory experiments, even if always necessary, can be limited and can result less effective due to a possible high number of students. Furthermore, experimental equipments are very expensive and do not allow always a complete overview of the electrical quantities involved in power conversion [2] , [5] - [7] .
Moreover, laboratory experiments expose, sometimes, stu dents to the risks of electric shock and injuries. For these reasons each laboratory experience must be conceived and planned carefully. A didactic laboratory should be expressly dedicated to the works and the assignments of the students with a previous and careful consideration for all the safety issues by considering that students can not be considered as trained personal.
In the case of a learning object [8] realized with simu lation tools, each student can act, instead, in a totally safe environment. The student can also examine all the operational 978-1-4799-3787-5/14/$31.00 ©20141EEE aspects, both for single devices and for complex static energy conversion systems in general, interfacing with it in interactive mode in order to test the influence of circuit and control system parameters suddenly verifying their weight both in transient and at steady state.
Nowadays simulation softwares used in electrical engineer ing are essentially divided of two families:
• circuit-oriented softwares;
• equation-oriented softwares. Circuit oriented simulation tools allow to realize the simu lation of a converter with great immediacy, simply by using schematics of the system under analysis [9] . Equation oriented tools require instead the knowledge of the system dynamics differential equations [5] , [10] , [II] . The former can suffer for convergence problems of numerical integration algorithms, but they have the main advantage that the system state space equations are determined automatically and are more user friendly than the latter [I] , [2] , [12] , [13] .
Equation-oriented tools can be more or less accurate in virtue of the system complexity, but they are certainly faster and let to achieve a good trade-off between the accuracy of the result and the simulation speed. Equation oriented softwares are very often used as tools of assisted design [14] , [15] for complex system with a wide variety of electro-mechanical components [15]- [20] , for the simulation of power electronics in many different operating conditions, faulty included [21] [24] and for very complex and large electrical system with various degrees of extension and interconnection [20] , [22] , [24] - [26] .
Furthermore, they can stimulate the students to grow-up their skills in system modeling and problem analysis, which will be very important for their future professional life.
Self-training educational is a modern teaching vision in which the students are no longer passive subject, but they actively works on various aspects of their education, with a clear knowledge of the specific goals to be achieved [27] . This particular issue, discussed since many time, has been recently considered in the context of power electronics by Prof. N. Mohan in [28] where he considered, for the first time, an educational approach based on the "building blocks" concept.
A building block can be considered as a stand-alone unit able to represent a simple system or a part of it. A building block is reusable to achieve more complex structures too. From the educational point of view, the building blocks usage assumes the consideration of some simple basic problems, thanks to which more complex problems can be traced later.
In this scenario, and considering system modeling skills that the students must develop, the Authors have preferred equation-oriented softwares, as a feasible teaching aid, essen tially for two main reasons: 1) they better provide the stimulus to seek always easier ways in modeling and in approaching a problem; 2) they better highlight the fundamental paradigms of en ergy conversion, by considering, above all, the main and most frequently transients encountered in energy converSIOn.
II. ASPECT OF TEACHING POWER ELECTRONICS AND SOME EDUCATIONAL ISSUES
It is well known that the simulation of forced commutation converters is easier than that of line commutated converters. For example, in PWM controlled converters the main cir cuit has a limited number of independent conducting states and configurations. This is less true in the case of a three phase thyristor rectifier where each device operates cyclically depending on the network state and on the previous circuit configuration. Furthermore, if the converter devices are not considered ideal, the current overlapping during commutation contributes to make the thyristors rectifier operation more difficult to understand. In this way the state space modeling of a thyristor converter is quite difficult. This is the reason why thyristor converter simulations encountered in many tutorials and technical papers are made with the help of circuit-oriented tools.
Many times equation-oriented softwares are limited to plotting steady state results, developing well known math formulas, while the circuit and its dynamic behavior remain on the background. For example, in [29] the reconstruction of the thyristors rectifier output voltage is made simply by multiply ing a time shifted sawtooth signal and the input voltages. This is an evidently tricky simulation way and takes no account of the real rectifier operating principle. Moreover, it is not able to achieve the simulation of overlapping phenomena.
On the other hand, the simulation which is obtained is very light and computationally fast. In this way the risk of confusion and misunderstanding about the converter real operation is a concrete perspective and reduces simulation resources to the same level of a good textbook.
In this paper, the simulation of a thyristor rectifier has been used by the Authors to show an affordable approach to the problem of teaching power electronics with the support of an equation-oriented simulation software.
A modular teaching approach has been preferred to guide the students step by step at different levels of understanding power conversion. Moreover this approach is useful to guide students towards the creation of concise outlines of complex and articulated systems.
The building block structure of the simulation models here after presented allows teachers to create converter topologies of increasing complexity, from simple star rectifiers, to cyclo converters, and allows leaving a plenty of room for personal study of the student, in order to stimulate his curiosity and his interest in the subject.
According to the latest educational guidelines, teaching can not be reduced to a mere data and knowledge transmission. As a matter of fact teaching should induce in the students their personal ability in problem solving and in reworking what they have learned in order to find new solutions for new problems. This is the reason why a teaching plan must be based on educational goals going beyond the simple contents and notions. Educational goals must be conveyed to students so that they know what is effectively expected by them just from the beginning.
Although educational goal planning is actually adopted in Europe only in high schools and technical colleges, its usage in universities would be beneficial too.
Educational goals are then divided into general and specific ones.
Some general objective could be, for example:
1) to verbalize the choices about the strategies adopted in the problem; 2) to depict graphically the solutions of a problem; 3) to find bounds between physical phenomena and the corresponding mathematical models; 4) to evaluate critically the learning path and the gained knowledge;
Some specific objective could be, for example:
1) to give a brief and clear description of the data and of the unknowns within the assigned problem; 2) to describe employed methodologies; 3) to justify step by step one's choices; 4) to apply a method of solution of the network theory finalized to find the equilibrium equations; 5) to set up computer numerical methods for the solution; 6) to draw the block diagram of a circuit starting from its equations; 7) to identify the significant quantities of the circuit.
Going beyond contents and notions, what is really expected by the students is the development of their self-assessment skills. Self-assessment is the process by which the student gathers information about and reflects on his or her own learning [27] , [30 l To realize a such consistent educational system, teachers are required to organize and schedule time, physical space and learning materials so that students can find a suitable learning expenence.
Teachers act as advisors to the students, so that they become able to self evaluate their learning processes and to correct them if necessary.
III. THE EQUATION-ORIENTED SIMULATION SOFTWARE FOR THYRISTORS RECTIFIER
The simulation tool for thyristor rectifiers has been built in MATLAB because it is a widely used scientific calculation VAKj is the anode-cathode voltage of the j-th thyristor; ijH is the thyristor holding (threshold) current; gj is the gate firing pulse of the j-th thyristor. Equation (3) claims that a thyristor conduces when forward biased and if a firing pulse is sent to its gate. It also remain in the ON state until its current is above the threshold value. In general 'ijH is very small, so it could be assumed as null A is a 3x3 matrix whose diagonal elements have the form:
La (L L:i Si + La) where the index 'i must be considered as cyclical. The extra diagonal matrix elements have the form:
Similar expressions can be found for the elements of the matrices B, C and D, but a detailed analysis of them is outside the scope of the paper. It is instead important to remark that all the matrix system coefficients depend on both the circuit parameters and on the thyristor state variables.
The simulation of the star thyristor converter may be re alized with the help of a MATLAB embedded function (a particular version of m-code opening with a complete manda tory declaration of variables) in which (4) are implemented to calculate the current derivatives over time. The embedded function is then included in a SIMULINK block scheme (see fig. 2 ) where the actual currents are calculated via integration of the state space derivatives.
The scheme obviously include the thyristor conduction logic according to (3) and the firing pulse generator synchronized with the supply voltages. Implementing a properly running firing pulse generator could be an interesting exercise for the students.
' , , , , thyristor converter for changing firing angle.
IV. EXAMPLE OF SIMULATIONS
A. The star thyristor converter
Some simulations results carried out following the scheme of fig. 2 are hereafter reported. The simulations show the behavior of a star converter feeding a load with constant back e.m.f. with changing firing angle a. Initially a is set to zero while it is changed to a = 7r / 6 at time t = 0.1 s. The constant load back e.m.f is set to 150 V.
The simulations show that the implemented model is able to reconstruct the operation of the converter both in the cases of continuous and discontinuous current conduction, taking overlapping phenomena into account. Figure 3 shows, in particular, the input and output voltages versus time.
During the continuous conduction mode the output voltages is composed by the input voltage envelope, except for the commutation intervals, in which it assumes the value Vp = ei �ej being ei and e j the supply phase voltages undergoing commutation.
During the discontinuous conduction mode the load voltage follows the input voltage, except in the intervals of zero current in which the output voltage is equal to the load back e.m.f. The small difference between input and output voltages is due to the small voltage drop on the line impedance. Figure 4 shows both the line and the load currents, highlight ing also the overlapping phenomenon due to commutation (see also fig. 5 for overlapping simulation detail) . No overlapping is, instead, present in the case of discontinuous conduction mode.
Another interesting simulation result is the commutation notch on the supply input voltage (see fig. 6 ). These notches can produce significant disturbances on the supply network.
These first simulation results are used to present to students some fundamental aspect of the simple star rectifier topology. 
Overlapping of currents (detail).
The students may also consider the differences in the two cases of continuous and discontinuous conduction mode and can check the influence of the different circuit parameters (resistance and inductance of the line, of the load, the change of the load back e.m.f.) on the final results. Students can also verify the change of the commutation time with respect to the firing angle according to the law:
where V LL is the line to line RMS supply voltage, w is its angular frequency, a is he firing angle, h is the load current and IL is the overlapping angle, i.e. IL = wtal, being tal the overlapping time.
It is really important to remark that the presented simulation building block can be re-used to assemble more complex rectifier topologies as shown in section IV-B.
B. The full bridge thyristor converter
The full bridge controlled rectifier (see fig. 7 ) can be seen as the assembly of two star thyristor rectifiers conducting the positive current the upper and the negative current the lower.
The significant difference is that now the v N potential is no longer that of the supply network neutral and cannot be assumed zero as before. Finally Vp and VN are to be considered as two different outputs in the model.
Equations (1) still apply but with some different meanings. The line currents ia, ib and ic are different from thyristor currents here designated by the superscripts P and N, thus for the full bridge converter two sets of differential equations must be written, as follows: It is clear that:
thus:
On the other side, the line currents are:
Equations (10) and (11) can be used to reduce the order of the system, but it is convenient to use the sets (8) and (9) directly as building blocks. According to (8) , (9) and (12), the SIMULINK scheme of the full bridge rectifier is then illustrated in fig. 8 where the memory block is used simply to break the algebraic loop. The complete scheme of fig. 9 (in which an optional current control loop is present too), requires the duplication of the thyristor logic conduction block and a full three phase firing pulse generator. Figures 10-13 show the simulation results carried out for the full bridge rectifier. In particular, they show the potentials Vp and v N, the load voltage, both the load and the line currents and finally the effect of commutation notches on the input supply voltage, when the firing angle a varies with a step change from 60 to 20 degrees at t=0.06 s, with a constant load back e.m.f.
These figures prove that simulations have a very good agreement with the real converter operation.
The same building blocks can be used to create more complex topologies, from bidirectional converters to cyclocon- 50 ,-----,----,-----,-----,-----,-----,-----,--- -----, -. -1 -. .. --------. ..... . -- verters, by simply re-using the star converter block and taking link equations into account. The same approach can be used also for mono-phase rectifiers.
V. CONCLUDING REMARKS
Advances in power electronics require necessary adjust ments and reconsideration of traditional teaching. On the other hand, the availability of many simulation softwares has changed the teaching paradigm during time. Modern IC T technology led to the concept of learning object as a reliable teaching tool that also allows the student to check his knowledge autonomously all along the training path.
This paper considered a modular approach in teaching power electronics expressly devoted to thyristor rectifiers. A simulator based on MATLAB-SIMULINK has been developed to implement the rectifier model through its state equations. Computer programming on the model was based on a suitable building block model regarding the simple three-phase SCR star converter.
The paper has shown how the presented model is able to simulate the different operating conditions of the rectifier, including both the cases of continuous and discontinuous con duction and taking the overlapping phenomenon into account. The simulator thus created includes, in general, all the physical aspects involved in the converter operation, except for the ones related to the physics of individual devices. The scope of a general purpose simulator, but, over all, of a simulator built for didactic purposes cannot be simply plotting realistic pattern for converter voltage and currents, but have to be a tool for a deeper understanding the converter operation.
The developed simulator therefore provides a feasible teach ing help to plan specific didactic goals that go beyond a simple transmission of data and knowledge and encouraging self learning strategies.
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